We have partially purified replicating simian virus 40 (SV40) chromosomes in a form which allows continued DKA synthesis in_ vitro. We first prepare a soluble DNA-synthesizing system from SV40-infected monkey cells and then sediment the components through a neutral sucrose gradient of extremely low ionic strength. Replicating SV40 chromosomes isolated from such gradients are capable of continuing DNA synthesis in vitro in the same manner as two crude subnuclear systems we have previously described (4). This indicates that the enzymes and other proteins required for in^ vitro DNA synthesis are bound to the replicating chromosomes.
INTRODUCTION
The study of chromosome replication in eukaryotic organisms has resulted in considerable information about the topology of replication, and about the involvement of Okazaki fragments and replicon-sized strands as intermediates in the process (for review see reference 3). However, our understanding of the structure of replicating chromatin is still inadequate (13, 19) , and our understanding of the enzymology of eukaryotic DNA replication is even less adequate (reviewed in reference 3). Despite the identification in eukaryotic cells of several enzymes that may play a role in replication (DNA polymerases, DNA ligase, DNA relaxing enzyme, etc.), so far no single enzyme has been positively identified as required for eukaryotic chromosome replication.
Two approaches have been used in the past to help study the enzymology of replication. There are two reasons for this failure. First, the soluble enzymes of such in vitro systems -enzymes which leak out of nuclei during cell fractionation and which stimulate DNA synthesis when added back to purified nuclei -have proved to be relatively unstable. So far no laboratory has successfully characterized such enzymes although several have tried (2, 5, 6, 11, 12, 15) . Second, the remaining enzymes required for DNA synthesis in in vitro systems remain bound to the nucleus and cannot be further purified in such a state (15) .
The papovaviruses simian virus 40 (SV40) and polyoma offer an alternative approach to studying the structure and enzymology of eukaryotic chromosome replication. With the exception of a viral protein required for initiation of replication (17) , these viruses use host-cell enzymes to carry out their replication, and studies of replication intermediates at the replication fork (Okazaki fragment size, RNA primer size and type) suggest that those intermediates are identical for papovaviruses and mammalian cells (reviewed in 3; see also 18). In addition, papovavirus intranuclear DNA is found in the form of a small chromosome -a nucleoprotein complex containing cellular histoneswhich appears to be analogous in structure to cellular chromosome fibers (1, 9) , and papovavirus DNA replication takes place in this chromosome state (1, 7, 8, 10, 14, 16, 20) .
Thus replicating papovavirus chromosomes appear to be excellent models for replicating regions of cellular chromosomes, and viral chromosomes are much smaller and more amenable to analysis than enormous cellular chromosomes.
As a first step in taking advantage of these properties of papovavirus chromosomes, we (4) and Su and DePanphilis (16) have recently developed subnuclear in vitro systems capable of syntheoizing SV40 DNA in^ vitro. The first of the systems we developed consists of a thoroughly washed, membrane-free preparation of chromatin that retains the overall structure of greatly swollen nuclei (we have called this material "chromatin bodies"), and the second is a "soluble system" prepared from the first by mild homogenization and pelleting of large debris. Both systems are prepared from monkey cells infected with SV40 and both continue the replication process begun within the whole cell (4).
Both of the previously-developed systems still contain many nuclear proteins. In this paper we show that, even after the replicating SV40 chromosomes contained in the previously-developed systems are separated by neutral sucrose gradient sedimentation from free nuclear proteins and from proteins bound to cellular chromatin, they can continue to synthesize DMA i£ vitro, in a way which closely resembles i£ vitro synthesis by the earlier subnuclear systems. The similarity of the DNA synthetic properties of the partiallypurified replicating SV40 chromosomes to the synthetic properties of "chromatin bodies" and the "soluble system" shows that some or all of the replication proteins used by SV40 chromosomes when they are part of "chromatin bodies" are associated with the SV40 chromosomes sufficiently tightly under our isolation conditions to cosediment with them in sucrose gradients. Thus it should prove possible to use replicating SV40 chromosomes to help identify some of the proteins required for mammalian (and viral) chromosome replication.
MATERIALS AND METHODS
Preparation of the "soluble system". BSC-1 cells were infected with SV40 as described (4) . In most experiments [ 3 H]-dThd (20 yci/ml) was added 6 min before harvesting to predominantly label replicating DNA molecules, and in some experiments ['Vl-dThd (0.04 yci/ml) was added 16 h before harvesting to predominantly label mature molecules.
The "soluble system" was prepared (at 40 h after infection) by a procedure slightly modified from that originally described (all steps at 0-4°C). After the dishes were rinsed twice with ice-cold PBS (110 mM NaCl, 60 mM NajHPO^, 10 mM KH PO , pH 7.2), the cells were resuspended by scraping in 5 ml per 100 mm Petri dish of buffer A 1 (0.1 M sucrose, 0.2 mM NaKHPOi,, pH 7.5), and centrifuged at 1800 rpm for 8 min. The pellet from 10-20 plates was resuspended in 1 ml of buffer A 1 , and an equal volume of 0.5% Triton X-100 (adjusted to pH 7.5) was slowly added with mixing. The suspension was then layered over 8 ml of buffer A 1 and centrifuged in an SW41 rotor at 10,000 rpm for 10 min.
The pellet was resuspended in 2 ml of 0.2 mM NaKHPO^ (pH 7.5), layered and centrifuged as above. The "chromatin bodies" (4) so obtained were resuspended in 1 ml of buffer A', then disrupted in a Dounce homogenizer (Kontes Glass) with no more than 25 strokes of the tight (B) pestle. Large debris was pelleted by centrifugation at 10,000 rpm for 10 min. The supernatant was free of cell debris or nuclei as judged by phase contrast microscopy, and is called a "soluble system", as previously described (4).
Isolation of SV40 chromosomes. One ml of the soluble system was layered over a linear gradient of either 10-30% or 10-40% sucrose in 0.2 mM NaKHPO( pH 7.5), over 1 ml of 80% sucrose in the same buffer, and centrifuged in the SW41 rotor at 40,000 rpm for 120 min at 4°C. Fractions were collected, aliquots were spotted onto paper filters and washed with 1 M HC1, and their radioactivity was determined as previously described (4). Appropriate fractions were pooled and used for in^ vitro DNA synthesis.
Determination of SV40 chromosome sedimentation rate. 50S ribosomal subunits (a gift from William A. Held) were included in some gradients like those in the previous paragraph, and were also sedimented in parallel gradients of 10-30% sucrose (with a 1 ml shelf of 80% sucrose) in the higher salt in which ribosomal subunlts are normally sedimented (10 mM Tris, 30 mM NH^Cl, 0.6 mM MgCl 2 , pH 7.4). The ribosomal subunits sedimented about 15% more slowly in the low salt buffer used for SV40 chromosomes than in their normal high salt buffer. Therefore, sedimentation values for SV40 chromosomes were calculated only against 50S ribosomal subunits sedimented under high salt conditions in parallel gradients.
In vitro DNA synthesis. DNA synthesis was carried out as previously described (4). The standard reaction mixture contained 70 mM KC1, 7 mM MgCl 2 , 10 mM HEPES, 100 viM each of three unlabeled dNTP's, the fourth dNTP was pooled, dialyzed against 10 mM each of Tris, EDTA, and NaCl, pH 7.5, and concentrated by dialysis against 25% Carbowax (Union Carbide) in the same buffer. The volumes were adjusted to 0.3 ml, NaOH was added to 0.2 N, and the samples were layered onto 10-30% alkaline sucrose gradients (0.7 M NaCl, 2.5 mM EDTA, 0.1% Sarkosyl, titrated to pH 12.1 with NaOH) with a 0.5 ml shelf of 80% alkaline sucrose. Centrifugation was at 30,000 rpm, 10°C, for 17 h in the SW41 rotor. Fractions were collected and 50 Jig of calf thymus DNA and 50 yg of BSA added to each before spotting onto paper filter discs, washing with 1 M HC1, and determining radioactivity as described (each sample was counted for at least 20 min).
RESULTS
Partial purification of replicating SV40 chromosomes. When the "soluble system" is prepared ( In vitro DNA synthesis. When individual fractions from sucrose gradients like that of Figure 1 were tested for their ability to synthesize DNA in vitro, synthetic capacity was found to cosediment at 61S with replicating SV40 chromosomes (Waqar and Tsubota, unpublished). In order to obtain more material for the experiments reported here, the peak fractions of repli-eating chromosomes from sucrose gradients like that of Figure 1 were pooled.
The data of Figure 2 show that the kinetics and extent of incoroporation of dNTP's into DNA by such pooled partially purified replicating SV40 chromosomes are similar to those of "chronwitin bodies" and of a "soluble system" from the same preparation of SV40-infected cells. Notice in Figure 2 ]-dThd; aliquots of each were kept on ice while the remainder of the soluble system was sedimented as in Figure 1 . The peak fractions of this pulse label (corresponding to fractions 14-21 of Fig. 1 that reported previously, probably as a result of more gentle homogenization during preparation of the soluble system. Incorporation by the partially purified replicating chromosomes is equivalent to that by the chromatin bodies. In all three cases, both the extent of synthesis and the duration of incorporation in vitro are markedly stimulated by the addition of a soluble extract from HeLa cells; this is similar to the stimulation by so-called "cytoplasmic" extracts that has previously been observed both for intact nuclear systems (2, 5, 12) and for subnuclear systems (4, 16) . This indicates that there are at least 2 sets of factors required for maximum in vitro replication: those which remain with the replicating DNA during fractionation and those which are easily washed away during the initial stages of preparation.
Reaction conditions were studied in the absence of added soluble extract and found to be similar to the optimal conditions for the pre- could be detected! synthesis carried out in both the presence and absence of the soluble extract mentioned above was unaffected by these pooled top fractions. We did, however, find that if excessive shear were used in preparing the soluble system, the extent of DNA synthesis was reduced fros that seen in standard preparations; in such excessively sheared preparations, there was some" stimulation by the top fractions. It is likely that the reduction in DNA synthesis caused by shear is due to damaging the chromosomes, and that the stimulation of incorporation caused by top fractions under these conditions is due to incorporation at nicXs or breaks in the sheared chromosomes. We did no further work with the top fractions, and we avoided excessive shear in the preparations reported on here.
Size distribution of DNA synthesized in vitro. DNA synthesized in vitro by the partially purified replicating SV40 chromosomes was extracted and sedimented through neutral sucrose gradients. Both in the presence and absence of soluble extract the DNA synthesized in^ vitro sedimented somewhat faster than form I DNA, as expected for replicating intermediates of SV40.
After longer incubations in the presence of soluble extract, the difference in sedimentation was reduced, similar to our previous findings with chromatin bodies and the soluble system (4) (data not shown).
When DNA synthesized i£ vitro in the absence of soluble extract is purified on neutral sucrose gradients and then denatured and resedimented in alkaline sucrose gradients (Fig. 3 a-c) , some of the radioactive label is in long strands (up to full viral length), but most of the label is found in short strands (Okazaki fragments) whether the incubation was short (2 min; Fig. 3a ) or long (20 min; Fig. 3c ). There is no chasing of the short strands into longer strands (Fig. 3b) . The lack of chasing of short strands into longer ones in the absence of soluble extract is similar to our previous result with the "chromatin bodies" and "soluble system" (4). In those systems, however, about half of the DNA synthesized i£ vitro was in longer strands and half in Okazaki fragments. We do not know why the partially purified chromosomes incorporate most of the label into short strands, rather than equally into both size classes.
The addition of soluble extract, in addition to stimulating DNA synthesis in vitro (Fig. 2) , leads to the chasing of 30$ of the label in Okazaki fragments (when normalized to 3 H prelabel) into longer strands, up to full viral size (Fig. 3 d-f ). This is consistent with the effect seen in the sub- In addition to stimulating the rate and extent of DNA synthesis, these factors alter the characteristics of the DNA synthesized; the major effect seen is restoration of the ability to join Okazaki fragments and to make mature, covalently closed DNA. These factors are not species specific:
experiments in this paper utilized a soluble extract of uninfected HeLa cells (human) to supplement our SV40 replication system prepared from BSC-l cells (monkey). A similar soluble extract from uninfected monkey cells also works well (Edenberg, unpublished) .
The fact that replicating SV40 chromosomes isolated as described here synthesize DNA in a manner very much like the "chromatin bodies" and "soluble system" we described earlier (4) demonstrates that the proteins needed for limited DNA synthesis in^ vitro cosediment with the replicating chromosomes.
There is no evidence for a third set of factors which might remain associated with the chromatin bodies and soluble systems but be separated from the replicating chromosomes by sedimentation (i.e., a soluble "nuclear associated" fraction).
The replicating SV40 chromosomes retain the ability to be complemented by soluble extracts in the same fashion as the less pure subnuclear systems, allowing synthesis of full-length DNA chains and a limited amount of synthesis of completed, covalently closed molecules. Thus replicating SV40
chromosomes should prove to be extremely useful in characterizing many of the enzymes and other factors required for replication of SV40 and mammalian cell DNA. In addition, because the ability of these chromosomes to continue DHA synthesis iii vitro provides a criterion for establishing that they have not been irreversibly altered, they should also prove to be useful models in structural studies of chromosome replication.
